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ABSTRACT
In software product line engineering, systems are developed
in families and differences between family members are ex-
pressed in terms of features. Formal modelling and verifica-
tion is an important issue in this context as more and more
critical systems are developed this way. Since the number of
systems in a family can be exponential in the number of fea-
tures, two major challenges are (a) scaleable modelling and
(b) efficient verification of system behaviour. Currently, few
approaches attempt to address these challenges in the con-
text of software product lines. Those who do fail to recognise
the importance of features as a unit of difference, and do not
offer means for automated verification.

In this paper, we tackle those challenges at a fundamental
level. Our first contribution is a feature-aware extension
of transition systems, a formalism designed to describe the
combined behaviour of an entire system family. The second
contribution is a tool-supported model checking technique
which allows to verify LTL properties against such transition
systems. An empirical evaluation shows substantial gains
over classical approaches.

1. INTRODUCTION
A software product line (SPL) is traditionally defined as“a

set of software-intensive systems that share a common, man-
aged set of features satisfying the specific needs of a particu-
lar market segment or mission and that are developed from
a common set of core assets in a prescribed way” [11]. Soft-
ware product line engineering (SPLE) thus promotes reuse
throughout the software lifecycle in order to benefit from
economies of scale when developing lots of similar systems.
SPLE has proven beneficial to the development of embedded
systems, which makes formal modelling and verification in
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Figure 1: Several variants of a vending machine.

SPLE all the more important as many of these embedded
systems are (safety) critical [14].

The differences between the systems of an SPL (i.e. its
variability) are usually expressed using features, first-class
abstractions that shape the reasoning of the engineers and
other stakeholders [9]. A set of features can be seen as the
specification of a product, i.e. a particular member of the
product line. Feature diagrams (FDs) [20, 25] are commonly
used to model the variability of the SPL. An FD such as
the one in Figure 2 expresses the set of valid products, and
since products are combinations of features, there might be
an exponential number of them. Because of this, it is unrea-
sonable to specify or verify the behaviour of each product
separately.

1.1 Motivating example
Consider the example of a beverage vending machine (in-

spired from [16]), the running example used throughout this
paper. In its basic version, the vending machine takes a coin,
returns change, serves soda, opens a compartment so that
the customer can take her soda, and then closes it again.
This is modelled by the transition system (TS) shown in
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Figure 2: FD for the vending machines of Figure 1.

Figure 1(a). Adding to this basic version, there are several
other variants, as for instance a machine that also sells tea,
shown in Figure 1(b). A second variant lets the buyer cancel
her purchase after entering a coin, Figure 1(c). A third is a
machine that offers free drinks (and has no closing beverage
compartment), Figure 1(d).

By combining these variants, yet other vending machines
can be obtained. In fact, these four products are part of
a larger SPL, which in terms of features is modelled by the
FD of Figure 2. Basically, this FD formally describes the set
of vending machine variants, in this case there are twelve of
them. This means that a model of the behaviour of a small
example such as this would already require twelve, mostly
identical, behavioural descriptions, four of which are shown
in Figure 1. For realistic cases, this number is so high that it
is outright impossible to verify, let alone model, each product
individually.

1.2 Current challenges
There are thus two challenges that model-based SPLE ap-

proaches need to address: (a) scaleable modelling and (b) ef-
ficient verification of system behaviour. Currently, few ap-
proaches attempt to address these challenges in the context
of SPLE. Those who do, fail to recognise the importance
of features as a unit of difference, and most approaches fo-
cus solely on modelling. Models and formalisms currently
proposed include UML with a profile for variability [29, 28],
modal I/O automata [22], modal transition systems [17, 16],
deontic logics to characterise behaviours [3] and CSS ex-
tended with a product line choice operator [19].

Current proposals suffer from two limitations, both of
which are addressed in the present paper. Firstly, their be-
havioural models generally ignore the underlying features
of the family. This means that they capture different be-
haviours, but offer little to no means to trace products to
and from their behavioural descriptions. It also means that
they cannot make use of information expressed in a vari-
ability model, such as incompatibility of features. Secondly
none of the approaches provide implemented methods for
verifying their models against temporal properties.

1.3 Contribution
In this paper, we tackle those challenges at a fundamental

level. Our first contribution are featured transition systems
(FTS), a variant of transition systems designed to describe
the combined behaviour of an entire system family. FTS
has a parameterised semantics, allowing to obtain the be-

haviour of each product of the SPL. The second contribution
is a proof-of-concept model checking tool as part of a model
checking approach. The tool allows to verify LTL properties
for all the products of an SPL at once and pinpoints the
products that violate (resp. satisfy) the properties. We ap-
plied the tool to a specification exemplar in order to evaluate
the approach empirically. Model checking the 64-product
SPL showed a 250% speedup over the classical approach
(i.e. verifying each product individually).

The principal advantages of FTS over existing work are
(i) the modelling of variability as a first-class citizen, refe-
renced from the behavioural model, (ii) the ability to reason
about the whole product line, or subsets of it, (iii) the abil-
ity to model very detailed behavioural variations, (iv) the
provided model checking tools, and (v) the ability to take
dependency and incompatibility relations between features
into account.

The paper is structured as follows. Section 2 provides the
necessary background on FDs and TS. FTS are introduced
in Section 3, and the model checking approach in Section 4.
This is followed by an evaluation on a specification exemplar,
the mine pump controller [21] in Section 5, and a discussion
of further FTS extensions in Section 6. Section 7 surveys
related work and Section 8 concludes the paper.

2. BASE CONCEPTS
In this section, we recap basic concepts and definitions

that will be used throughout the rest of the paper. We
assume that the reader is familiar with automata theory and
has some basic knowledge of formal verification and model
checking (otherwise, see [7, 5]).

We informally recall the definition of feature diagrams
(see [25] for details) (FDs in short). Roughly speaking, an
FD is a tuple (N, r, DE) where N is a set of features, r ∈ N
is the root, and DE ⊆ N × N is the set of decomposition
edges between features. The semantics of an FD d, noted
[[d]]FD , is the set of valid products, i.e. a set of sets of fea-
tures: [[d]]FD ⊆ P(N). As an example, the semantics of the
vending machine FD from Figure 2 is as follows (using the
short feature names):˘

{v, b, t}, {v, b, t, f}, {v, b, t, c}, {v, b, t, f, c}, {v, b, s},
{v, b, s, f}, {v, b, s, c}, {v, b, s, f, c}, {v, b, s, t},
{v, b, s, t, f}, {v, b, s, t, c}, {v, b, s, t, f, c}

¯
.

In this paper, behaviour of individuals will be represented
with transition systems [2, 7] (TSs in short). A TS is a
directed graph whose transitions are labelled with actions
and states are labelled with atomic propositions. Formally,
we have the following definition.

Definition 1 (Transition System). A TS is a tuple
M = (S, Act, trans, I, AP, L) where

• S is a set of states,

• Act is a set of actions,

• trans ⊆ S × Act × S; is a set of transitions, with
(s1, α, s2) ∈ trans sometimes noted s1

α→ s2,

• I ⊆ S is a set of initial states,

• AP is a set of atomic propositions,

• L : S → 2AP is a labelling function,



An execution (also called behaviour) of M is an infinite se-
quence s0α1s1α2...αnsn with n ≥ 0 and s0 ∈ I such that

si
αi+1→ si+1 for all 0 ≤ i < n.. The semantics of a TS,

denoted [[t]]TS , is given by its set of executions.
In the paper, we mainly focus on two types of proper-

ties: (i) reachability properties, such as mutual exclusion
or safety, and (ii) temporal properties, such as those ex-
pressible in LTL. In this paper, we will follow the classi-
cal automata-based approach [27], where those properties
are represented with finite-state automata. More precisely,
reachability properties will be represented by finite-word au-
tomata (FA in short), while temporal properties will be rep-
resented with Büchi automata (BA in short). A system sat-
isfies a temporal (resp. reachability) property if (any prefix
of) all of its executions are included in the language of the
BA (resp. FA) that represents the property [7, 5]. We con-
clude the section with a formal definition for FA and BA.

Definition 2. An FA (resp. BA) is a tuple (Q, Σ, δ, Q0,
F ) where Q is a set of states, Σ is the alphabet, δ ⊆ Q×Σ×Q
the transition relation, Q0 ⊆ Q a set of initial states and
F ⊆ Q a set of accepting states.

3. FEATURED TRANSITION SYSTEMS
In order to concisely model the behaviour of each product

in the SPL, we follow existing approaches [12, 17, 19] which
consist in creating a single parameterised model that can be
instantiated differently for each product of the SPL. In con-
trast to existing approaches, however, we explicitly model
which behaviour is caused by which feature, at the level of
individual transitions.

3.1 Syntax
The syntax of FTS accounts for the fact that the ad-

dition of a feature to a system modifies the behaviour of
this system. Consider the vending machine example. Fig-
ures 1(b,c,d) show the impact of adding features Tea, Cancel-
Purchase and FreeDrinks, respectively, to a machine serv-
ing only soda. Tea adds two transitions (tea and serveTea);
CancelPurchase also adds two transitions; and FreeDrinks re-
places transitions pay and change by a single transition free
as well as open/close by skip.

In order to concisely model the effects of several features
on a system, our approach consists in modelling a system
that contains all features, as well as annotations that in-
dicate which transitions of the model correspond to which
feature. In order to be able to express cases in which a
feature removes, rather than adds, transitions we use a pri-
ority relation over alternative transitions.1 This leads us to
define a featured TS as a TS in which each transition is la-
belled with a feature, and where a priority relation may be
associated to transitions leaving the same state.

The FTS for the vending machine example is shown in
Figure 3. The feature label of a transition is shown next
to its action label, separated by a slash (in addition, the
transitions are coloured in the same way as the features in
Figure 2). Intuitively, the FTS captures the impact of all
features in a single diagram. An FTS is thus a TS in which
transitions are labelled with features and a priority relation.
Formally, this is defined as follows.

1In essence, removing a transition corresponds to adding an
alternative transition of higher priority.
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Figure 3: FTS of the vending machine.

Definition 3 (Abstract syntax of FTS). An FTS
dt is a tuple dt = (S, Act, trans, I, AP, L, d, γ, >) where

• (S,Act, trans, I, AP,L) is a TS,

• d = (N, r,DE) is an FD,

• γ : trans→ N is a total function, labelling transitions
with features,

• > ⊆ trans×trans is a partial order, defining priorities
between transitions.

Transition priorities offer an intuitive way to model cases
in which one feature overrides the behaviour of another one.
If a transition t labelled with feature f has priority over
transition t′ labelled with feature f ′, this means that prod-
ucts containing both f and f ′ only have transition t (they
would have both transitions if there were no priority re-
lation). The transition free of the FreeDrinks feature, for
instance, has priority over pay (which belongs to the root
feature, VendingMachine). The result is that pay will not
appear in any product that contains the feature FreeDrinks,
such as the one in Figure 1(d).2

A common modelling pattern is that the behaviour of a
child feature (wrt. the FD) overrides the behaviour of its
parents. Formally, we can use the decomposition relation
DE of the FD (a directed graph), to induce the priority
relation of the FTS.

Definition 4 (Priorities induced by FD). A tran-

sition s
α→ s1 labeled with f1 has priority over s

β→ s2 labeled

with f2, s
α→ s1 > s

β→ s2, iff f2 is an ancestor of f1, i.e. if
the transitive closure of DE has an edge from f2 to f1.

The purpose of an FTS is to model the behaviour of the
whole SPL. From the FTS, one can obtain the behaviour of
one particular product through projection. Intuitively, the
diagrams (a), (b) and (c) of Figure 1 can be obtained by re-
moving the transitions of all but one feature (or colour) from
Figure 3 (keeping the black transitions). In Figure 1(d), be-
cause of the priorities discussed above, the transitions pay
and open are removed as well.

Formally, in order to obtain the behaviour of a particular
product, one projects the FTS of the SPL on the correspond-
ing set of features, say p ∈ [[d]]FD . This transformation is
entirely syntactical and consists in removing (i) all transi-
tions linked to features that are not in p, and (ii) all transi-
tions that are supplanted by higher priority transitions. The
result of the projection is an ordinary TS.

2Since state 2 and transition change become unreachable,
they are omitted from the diagram.



Definition 5 (Projection). The projection of an FTS
dt to a product p ∈ [[d]]FD , noted dt |p, is the TS t = (S, Act,
trans′, I, AP, L) where

trans′ =
˘

(s1, α, s2)|(s1, α, s2) ∈ trans ∧ γ(s1, α, s2) ∈ p
∧ @(s1, α

′, s′2) ∈ trans • γ(s1, α
′, s′2) ∈ p

∧ (s1, α
′, s′2) > (s1, α, s2)

¯
.

Note that the concept of parallel composition also exists
for FTS. If the SPL to be modelled consists of several pro-
cesses running in parallel, each process can be modelled as a
separate FTS, all sharing the same underlying features and
FD. The FTS of the system can then be obtained by compos-
ing these processes. For FTS, one can easily adapt the well-
accepted handshake communication model, whereby the ex-
ecution of parallel processes is synchronised on transitions
with shared actions and otherwise interleaved.

3.2 Semantics
Each TS obtained through projection describes the be-

haviour, as in Definition 1, of a particular product of the
SPL. The semantics of an FTS is thus the union of the be-
haviours of the projections on all valid products.

Definition 6 (Semantics of an FTS).

[[dt]]FTS =
[

c∈[[d]]
FD

[[dt |c]]TS

An important observation is that, except for trivial cases,
the semantics of an FTS we just defined is not equal to the
usual TS semantics (as given by Definition 1). Formally,
there exists an FTS dt for which [[dt]]FTS 6= [[TS(dt)]]TS ,
where TS(dt) is the TS obtained by removing d, γ and >
from dt. The vending machine SPL is an example for such an
FTS. Indeed, an execution e in which the vending machine
would ask the first customer for a coin and offer a free drink
to the next one would be part of [[TS(dt)]]TS , since in a
TS, the choice between pay and free is non-deterministic.
However, the execution does not correspond to any of the
machines in the SPL: these should either always offer free
drinks or always require payment, and hence e 6∈ [[dt]]FTS .
More generally, we have the following.

Theorem 7 (FTS semantics vs. TS semantics).

∀dt • [[dt]]FTS ⊆ [[TS(dt)]]TS

This theorem illustrates that one cannot simply use clas-
sical model checking algorithms to verify properties for the
complete SPL. Indeed, while this verification might be sound,
it is not always complete (i.e. such an approach would find
false positives). Definition 6 shows another problem that we
have to face when model checking an FTS: the exponential
blowup caused by considering all products of the SPL. This
adds to the state-explosion problem that already exists in
classical model checking.

These considerations justify the need for an FTS-specific
model checking algorithm, but before we get there, we need
a more operational definition of the FTS semantics.

3.3 Reachability in FTS
Model checking algorithms perform a search in the state

space of the FTS and thus need an execution model that is

faithful to the FTS semantics. As we just showed, TS seman-
tics does not apply to FTS, mainly because it ignores priori-
ties attached to transitions. In addition, we want our model
checking approach to report for which products a property
does (or does not) hold. To explore the state space of an
FTS, we thus need an execution model that keeps track of
products and respects transition priorities.

In consequence, we define the reachability relation R0 for
an FTS, which is constructed as the state space is explored,
as a set of couples R0 ⊆ S × P(P(N)) where (s, px) ∈ R0

means that state s is reachable by the products in px. In
particular, the initial states of the FTS are reachable for all
products, defined formally as follows.

Definition 8. Initially reachable states of an FTS are

I0
4
=
˘

(s, [[d]]FD )|s ∈ I
¯
.

Given a state s reachable by products in px, a transition
leaving s, s

α→ s′, can be fired for all products if its feature
is part of all products in px and if there is no higher-priority

transition s
α′→ s′′ which could also be fired. If these re-

quirements are met, s′ is reachable by the same products
in px. In case the requirements are not met, the transition
cannot be fired for all products, meaning that s′ will only
be reachable by a subset of px:

• If there is a higher-priority transition that could equally
be fired, then the transition can only be fired for (and
thus s′ is only reachable by) the products which do not
contain the feature of the alternative transition.

• If the feature that labels the transition is part of some
products in px only, then it can only be fired for (and
thus s′ is only reachable by) these products.

• If none of the products contains the feature that labels
the transition, it cannot be fired at all.

This is formalised in the definition below.

Definition 9. The successors of a state s ∈ S reachable
by products in px ∈ P(P(N)) can be computed with the fol-
lowing operator

Post0(s, px)
4
=n

(s′, px′)|s α→ s′ ∈ trans ∧
px′ =

˘
p ∈ px|γ(s

α→ s′) ∈ p ∧
{γ(s

α′→ s′′)|s α′→ s′′ > s
α→ s′} ∩ p = ∅

¯o
.

Let us illustrate this with the vending machine FTS in
Figure 3. Indeed, state 1 is an initial state, and thus reach-
able by all products. From there, the transition pay can
only be fired by products containing the feature v (the label
of pay), and not containing the feature f (the label of the
higher-priority transition free). And thus, state 2 is reach-
able by these products only. From state 2, transition change
can be fired for all products containing v, and so state 3 is
reachable by the same products as state 2.

Recording the set of products would be too expensive. In
the worst case, the set of reachable states will be of size

|S|.22|N| . We thus propose a more concise representation
for a set of products: by stating which features the products
must have (required features) and which they cannot have
(excluded features). This symbolic data structure is defined
as follows.



Definition 10. A triplet (s, rf, ef) ∈ S×P(N)×P(N) is
a symbolic representation for a tuple (s, px) ∈ S×P(P(N))

such that [[(s, rf, ef)]]
4
= (s, {p ∈ [[d]]FD |rf ⊆ p∧ef∩p = ∅}).

The efficient reachability relation R is thus a set of triplets
(s, rf, ef), where the initially reachable states I and the suc-
cessors Post are defined as follows.

Definition 11. In symbolic representation, the initially

reachable states of an FTS are I
4
=
˘

(s, ∅, ∅)|s ∈ I
¯
, and the

successors of a state s ∈ S reachable by products containing
features rf ⊆ N and not containing features ef ⊆ N are

Post(s, rf, ef)
4
=˘

(s′, rf ′, ef ′)| s
α→ s′

∧ rf ′ = rf ∪ {γ(s
α→ s′)}

∧ ef ′ = ef ∪
S
s
α′→s′′>s α→s′

γ(s
α′→ s′′)

∧ ef ′ ∩ rf ′ = ∅
¯
.

It can easily be shown that the symbolic successor function
is equivalent to its explicit counterpart, that is:

Theorem 12. For any (s, rf, ef), it holds that

Post0([[(s, rf, ef)]]) = [[Post(s, rf, ef)]]

Where [[.]] is trivially extended to sets of triplets.

With this, the reachable states are the initially reachable
states and those that can be reached from them, which can
be expressed by the least fixpoint of the successor relation.

Definition 13. The symbolic reachability relation R ⊆
S × P(N)× P(N) for an FTS is defined as

R = µX • I ∪ Post(X),

where Post is extended to sets of triplets as follows: Post(x)
=
S

(s,rf,ef)∈x Post(s, rf, ef). The relation can be calcu-
lated following Tarski’s fixpoint theorem by applying the
successor relation until it stabilises, i.e.

R = I ∪ Post(I) ∪ Post(Post(I)) ∪ . . . = I ∪
[
i≥1

Posti(I).

Using this representation, the size of the reachability re-
lation will be |S|.2|N|.2|N| in the worst case, which is signifi-
cantly smaller than what we had previously. In addition, its
size can be further reduced by exploiting the following prop-
erty: if a state s is known to be reachable by products in px,
then it is also reachable by the products in any subset of px.
Formally, if (s, px) ∈ R0 and (s, px′) ∈ R0 with px′ ⊆ px,
it is sufficient to only keep (s, px) in R0. In general, it is
sufficient to keep the maximal elements of the partial order
induced by the subset relation ⊆ over the {px|(s, px) ∈ R0}
for each state s. In terms of the symbolic representation
we are using, an equivalent partial order can be defined as
follows.

Definition 14. For a state s ∈ S and a set R ⊆ s ×
P(N) × P(N), the relation v, a partial order over R, is

defined as (s, rf, ef) v (s, rf ′, ef ′)
4
= rf ⊇ rf ′ ∧ ef ⊇ ef ′.

In the same vein, testing whether a state s is reachable
by products in px could be done by checking whether (s, px)
is in the reachability relation R0, but such a check is too
fine-grained. Indeed, it is sufficient if there is a (s, px′) ∈ R0

such that px ⊆ px′. In the symbolic representation this
translates to checking whether for some (s, rf, ef) there is a
(s, rf ′, ef ′) ∈ R such that (s, rf, ef) v (s, rf ′, ef ′).

4. MODEL CHECKING FTS
As stated in Section 2, we follow the well established ap-

proach of automata-based model checking [27], where reach-
ability and temporal properties are expressed by automata.
The first step towards model checking FTS is thus to define
the composition of an automaton and an FTS, commonly
called synchronous product.

4.1 Synchronous product
Automata-based model checking algorithms check whether

the automaton obtained by taking the synchronous product
of the system with the automaton representing the negation
of the property is empty or not. Intuitively, the synchronous
product will remove from the system all the (prefixes of)
executions that are not member of the language of the au-
tomaton representing the property. For FTS, it is formally
defined as follows.

Definition 15 (Synchronous product). For an FTS
dt = (S, Act, trans, I, AP, L, d, γ, >) and an FA/BA
a = (Q, P(AP ), δ, Q0, F ), the synchronous product is an
FTS dt⊗a = (S×Q,Act, trans′, I ′, AP ′, L′, d, γ′, >′), where

• AP ′ = Q and L′(s, q) = q, i.e. the new FTS is labeled
with the states of the FA/BA

• (s, q)
α

→′ (t, p) iff s
α→ t ∧ q

L(t)→ p

• γ′
`
(s, q)

α

→′ (t, p)
´

= γ(s
α→ t)

• (s, q)
α

→′ (t, p) >′ (s, q)
α′

→′ (t′, p′) iff s
α→ t > s

α′→ t′

• I ′ = {(s0, q)|s0 ∈ I ∧ ∃q0 ∈ Q0 • (q0, L(s0), q) ∈ δ},
i.e. the initial states are those that can be reached from
an initial state of the FA/BA.

4.2 FTS model checking scenarios
Our objective is to verify temporal/reachability properties

on FTSs in such a way that (a) if the property is satisfied by
the FTS, then it is also satisfied by every product of the SPL,
and (b) if the property is violated, the algorithm reports a
counter example as well as details on which products of the
SPL violate the property. This differs from classical model
checking algorithms for TSs that in the case of a violation
just return the counter example showing why the property
is not satisfied. The additional information is intended to
help the analyst when correcting the model. Formally, sat-
isfaction is defined as follows.

Definition 16 (Satisfaction in FTS). An FTS dt
satisfies a (temporal, or reachability) property φ, iff

∀p ∈ [[d]]FD • dt |p |= φ.

Extending the |= relation, we note this dt |= φ.

The FTS model checking problem can now be formalised.

Definition 17 (MC(fts, φ)). Given a property φ and
an FTS dt, MC(dt, φ) returns true iff dt |= φ. If dt 6|= φ, it
returns false, a counter example e, and a non-empty set of
products px ⊆ [[d]]FD such that ∀p ∈ px • dt |p 6|= φ with e as
counter example.



The basic model checking scenario is analogous to classi-
cal model checking: just as the returned counter example
might be one among several violating traces, the set of vi-
olating products is not necessarily complete. In case of a
violation, it is therefore not possible to know whether there
are products that do satisfy the property. This gives rise
to a model checking problem specific to SPLE: determine
which products satisfy and which violate the property.

Definition 18 (ExtMC(fts, φ)). Given a property φ
and an FTS dt, ExtMC(dt, φ) returns true iff dt |= φ. If
dt 6|= φ, it returns false and a set c of couples (e, px) where
e is a counter example and px a non-empty set of products
such that ∀p ∈ px • dt |p 6|= φ. Furthermore, it holds that

∀p ∈ [[d]]FD • p 6∈
[

(e,px)∈c

px =⇒ dt |p |= φ.

The additional requirement states that the list of counter
examples has to be exhaustive, i.e. all products that are not
mentioned satisfy the property. The procedure thus implic-
itly returns a set of violating and a set of satisfying products.
A further variation of these two scenarios is useful for SPLE:
limiting the verification to a subset of the products of the
SPL. Basically, both scenarios would take as an additional
parameter the set of products px ⊆ [[d]]FD to verify. From
there on, the definitions are analogous.

4.3 Reachability (and safety) checking
While the reachability relation can be obtained by com-

puting the fixpoint expression given in Definition 13, it is
generally more efficient to verify properties directly with a
depth-first search (DFS) in the graph.

Such a DFS is implemented in the procedure to the right,
CheckInvariant. The procedure is parameterised so that
it can be used for all model checking scenarios identified
in the previous section. It takes four parameters: (i) the
FTS, (ii) the invariant property to be checked, (iii) a boolean
flag instructing the algorithm to stop upon discovering a
violation, and (iv) the set of products to be verified (using
the symbolic representation from Definition 10).

The algorithm basically computes the symbolic reachabil-
ity relation defined in Section 3.3. It maintains the set of
reachable states R, a stack T of triplets (s, rf, ef) and a
set of property violations bad. The initial states are always
reachable for all products that are going to be verified, and
R is initialised accordingly (line 1). The algorithm iterates
over the initial states (line 4) and performs a DFS for each
one (line 8). It first checks whether the current state is
bad (line 10); if it is, the current trace (that is, the counter
example) and the products for which the bad state is reach-
able (rf, ef) are saved (line 11). If the break flag is set, the
algorithm will terminate here (line 12).

The procedure continues by calculating the set of unvis-
ited successors of the current state (line 14). For this, it
calls the sub procedure NewPost shown on the right, which
uses the Post operator from Definition 11 to determine the
successors, and filters out those that are already in R (with
the optimisation discussed in Section 3.3). If all successors
were visited, the algorithm backtracks (line 16). Otherwise
the search proceeds with one of the successor states, which
is added to R (line 19) again using the optimisation de-
tailed in Section 3.3 (intuitively, maxv removes the redun-
dant triplets from R).

Input: An FTS dt = (S, Act, trans, I, AP, L, d, γ, >),
an invariant property φ, a boolean flag break
meaning to stop upon discovering a violation of
φ, a set of required (resp. excluded) features
rf0 and ef0 to delimit the products to explore.

Output: True if all states satisfy φ, otherwise false
and a set of quadruplets (state, set of
required, set of excluded features, error trace)
with the violations.

R← {(s0, rf0, ef0)|s0 ∈ I} ; % reachable states1

Trace← [] ; % current trace2

bad← ∅ ; % set of bad states3

while I 6= ∅ do4

Take s0 from I;5

I ← I \ {s0};6

push((s0, rf0, ef0), T race);7

while Trace 6= [] do8

(s, rf, ef)← top(Trace);9

if s 6|= φ then10

bad← bad ∪ {(s, rf, ef, T race)};11

if break then return false, bad12

end13

unvisited← NewPost(dt,R, s, rf, ef);14

if unvisited = ∅ then15

pop(Trace);16

else17

Take (s′, rf ′, ef ′) ∈ unvisited;18

R← maxv(R ∪ {(s′, rf ′, ef ′)});19

push((s′, rf ′, ef ′), T race)20

end21

end22

end23

return (bad = ∅), bad24

Procedure CheckInvariant(dt, φ, break, rf0, ef0)

Note that in its current form, the algorithm does not take
the structural information of the FD into account. This is
important insofar that a symbolic couple (rf, ef) might not
designate a product of the FD at all, while still being con-
sidered during the DFS. Concretely, in such a case, the DFS
would visit states that are not actually reachable. While
this overhead could be deemed acceptable, it is a problem
if the procedure finds a bad state which is not in fact a bad
state because it belongs to no valid product. In order to
solve the problem, one could easily add a validity check in-
side NewPost, so that it only returns valid unvisited states,
i.e. {(s, rf, ef)|∃p ∈ [[d]]FD • rf ⊆ p ∧ ef ∩ p = ∅}. This

Input: An FTS dt, a reachability relation R, a state s,
a set of required rf and a set of excluded
features ef .

Output: The successor states of (s, rf, ef), i.e. Post(),
except for those that are already reachable.

return

8<:(s′, rf ′, ef ′) ∈ Post(s, rf, ef)˛̨̨̨
@(s′, rf ′′, ef ′′) ∈ R

• (s′, rf ′, ef ′) v (s′, rf ′′, ef ′′)

9=;;

Procedure NewPost(dt,R, s, rf, ef)



check can be implemented efficiently with a SAT call [23].
Let φ be a reachability property, FA(¬φ) the negation of

the property transformed into an FA, and FFA(¬φ) the set
of accepting states of that FA, the model checking scenario
MC(dt, φ) amounts to computing

CheckInvariant
`
dt⊗ FA(¬φ),

^
s∈FFA(¬φ)

¬s, true, ∅, ∅
´

and expanding the symbolic representation of the products
returned in case of violation. The ExtMC(dt, φ) scenario is
almost identical, with the break flag set to false.

4.4 Temporal property checking
Checking arbitrary temporal properties, e.g. specified in

LTL, requires only a small addition to the CheckInvariant

procedure. In addition to checking the reachability of a bad
state, the algorithm checks whether a bad state is also on a
cycle. This is implemented with a double DFS in procedure
CheckPersistence: once the outer DFS finds a reachable
bad state, the inner checks whether it is reachable from itself.
Both DFS are almost identical to CheckInvariant, and are
not detailed any further.

Let φ be a temporal property, BA(¬φ) the negation of
the property transformed into a BA, and FBA(¬φ) the set
of accepting states of that BA, the model checking scenario
MC(dt, φ) for a temporal property amounts to computing

CheckPersistence
`
dt⊗BA(¬φ),

^
s∈FBA(¬φ)

¬s, true, ∅, ∅
´

and expanding the symbolic representation of the products.
Again, ExtMC(dt, φ) is obtained with break set to false.

5. EVALUATION

5.1 Theoretical evaluation
The bottleneck of any automata-based model checking

procedure is the construction of the BA that accepts the
negation of the property φ to check. In the worst case, the
BA is exponential in the size of the formula φ. A natural up-
per bound for LTL model checking is therefore O(|TS|.2|φ|).
The lower bound for this problem is PSPACE-Hard [24].

An upper bound for FTS LTL model checking of a prop-
erty φ on an FTS with n features is O(|FTS|.2|φ|+n), since
in the worst case the algorithm in procedure CheckPersis-

tence will have to verify all possible feature combinations.
As of the lower bound, the FTS LTL model checking prob-
lem is also at least PSPACE-Hard, since one can easily re-
duce the standard LTL model checking problem to model
checking LTL in FTS. There also exists a linear reduction
the other way round, which means that the problem is in-
deed PSPACE-Hard.

5.2 Empirical evaluation
We implemented the FTS model checking approach with

the functional programming language Haskell [8].3 The tool
comes in the form of a library that can be loaded into a
Haskell interpreter, resulting in a command line interface,
or compiled to execute verifications in batch mode. The ad-
vantage of using Haskell as implementation language is its
pervasive use of lazy evaluation and the easy translation of

3Download at www.info.fundp.ac.be/∼acs/FTSHaskell

Input: An FTS dt = (S, Act, trans, I, AP, L, d, γ, >),
a persistence property φ, a boolean flag break
meaning to stop upon discovering a violation of
φ, a set of required (resp. excluded) features
rf0 and ef0 to delimit the products to explore.

Output: True if φ is persistent, otherwise false and a
set of quadruplets (state, set of required, set
of excluded features, error trace) with the
violations.

R← {(s0, rf0, ef0)|s0 ∈ I} ; % reachable states1

Trace← [] ; % current trace2

bad← ∅ ; % set of violations3

IR← ∅ ; % reachable states of inner DFS4

ITrace← [] ; % current trace of inner DFS5

while I 6= ∅ do6

Take s0 from I;7

I ← I \ {s0};8

push((s0, rf0, ef0), T race);9

while Trace 6= [] do10

(s, rf, ef)← top(Trace);11

unvisited← NewPost(dt,R, s, rf, ef);12

if unvisited = ∅ then13

pop(Trace);14

if s 6|= φ then15

% Check for cycle

IR← maxv(IR ∪ {(s, rf, ef)});16

push((s, rf, ef), ITrace);17

while ITrace 6= [] do18

(s′, rf ′, ef ′)← top(ITrace);19

if ∃(s, rf ′′, ef ′′) ∈ Post(s′, rf ′, ef ′)20

then % Back transition found

bad←bad ∪ {(s, rf, ef, T race.ITrace)};21

if break then return false, bad22

else23

unvisited′ ← NewPost(dt, IR, s′, rf ′, ef ′);24

if unvisited′ = ∅ then25

pop(Trace);26

else27

Take28

(s′′, rf ′′, ef ′′) ∈ unvisited′;
IR← maxv(IR ∪ {(s′′, rf ′′, ef ′′)});29

push((s′′, rf ′′, ef ′′), ITrace)30

end31

end32

end33

end34

else35

Take (s′, rf ′, ef ′) ∈ unvisited;36

R← maxv(R ∪ {(s′, rf ′, ef ′)});37

push((s′, rf ′, ef ′), T race)38

end39

end40

end41

return (bad = ∅), bad42

Procedure CheckPersistence(dt, φ, break, rf0, ef0)



Table 1: Benchmark results for exhaustive counter example search ExtMC(FTS, φ).

Four features, four products Nine features, 64 products
Formula φ Cur. Our Diff. Cur. Our Diff.
(1.1) �♦(start ∧©msg ∧ (methane⇒ palarm)) X 9.389 s 5.563 s 68.78 % 57.706 s 8.162 s 607.04 %

⇒ (�♦(methane⇒ ♦pumpoff)
(1.2) ¬�♦(start ∧©msg ∧ (methane⇒ ♦palarm)) 7 25.741 s 37.663 s -31.65 % 138.970 s 102.716 s 35.29 %
(1.3) �♦(start ∧©msg)⇒ �(pumpon⇒ ♦running) X 5.084 s 4.308 s 18.01 % 13.716 s 5.317 s 157.96 %
(1.4) �♦(msg ∧©level)⇒ �♦(lowwater ⇒ ♦pumpoff) X 4.970 s 4.156 s 19.59 % 16.450 s 4.926 s 233.92 %
(1.5) �♦(msg ∧©level ∧ ready) X 5.172 s 4.462 s 15.90 % 14.981 s 5.033 s 197.68 %

⇒ �((highwater ∧�!methane)⇒ ♦pumpon)
(1.6) �♦(msg ∧©level ∧ ready) 7 5.437 s 4.405 s 23.44 % 17.741 s 4.914 s 261.00 %

⇒ �((highwater∧!methane)⇒ ♦pumpon)

mathematical formulae into program code. The tool inter-
faces with ltl2ba,4 based on [18], to automate LTL to BA
translation and uses Graphviz5 to render FTS graphically.
It makes some minor simplifications: priorities between tran-
sitions are derived from user-defined feature priorities and
it uses a less efficient algorithm for persistency checking.

In order to validate our approach, we conducted a study of
examples found in related work (see [8]). We report here on
an analysis of the mine pump controller exemplar [21]. The
system’s purpose is to keep a mine shaft clear of water while
at the same time avoiding the danger of a methane related
explosion. It consists of a water pump, a sensor measuring
the water height and a sensor measuring the abundance of
methane in the mine. The system is supposed to activate
the pump once the water level reaches a preset threshold,
but only if the methane abundance is below a critical limit.

The system, as implemented in [21], is composed of a base
system, base, and three high level features: c, a command
interface which activates or deactivates the water regulation;
m, a methane alarm interface; and l, the water regulator it-
self. The system and its environment are modelled by four
distinct FTS: the FTS representing the program itself, a sec-
ond FTS that models the system state, and three other FTS
that model the state of the environment: the water level, the
methane level and the state of the pump. The system FTS
is the parallel composition of these FTS, it has 604 states
and 1306 transitions. We introduce variability by modelling
c and a as optional features. With just these high level
features, the SPL has four products (counting all products
explicitly, the system has 1828 states and 4612 transitions).
In a second step, we introduced more variability by decom-
posing the high level features, resulting in an SPL with nine
features and 64 products (here the explicit count is 29760
states and 69856 transitions).

We used our prototype to prove properties such as those
identified in [1] for both SPLs, comparing the performance
of the classical model checking algorithm (also implemented
in the tool) to our method. All benchmarks were run on a
MacBook Pro with a 2,4 GHz Core 2 Duo processor and 4 Gb
of RAM; the library was compiled using GHC.6 Each bench-
mark comprises the construction of the BA, the computation
of the parallel composition, of the synchronous product and
of an exhaustive counterexample search. The reported run-
time is the average of three executions. The results are listed

4www.lsv.ens-cachan.fr/∼gastin/ltl2ba
5www.graphviz.org
6www.haskell.org/ghc

in Table 1, where X(resp. 7) means property satisfied (resp.
violated), ‘Cur.’ is the runtime of the classical approach (i.e.
verify each product individually), ‘Our’ is the runtime of our
algorithm, and ‘Diff.’ the speedup in percent.

Property (1.1), for instance, expresses the fact that “the
pump shall eventually be off when the methane level is crit-
ical.” The formal property needs a fairness assumption:
�♦start ∧ ©msg forces the system to progress, prevent-
ing traces that only contain environment transitions. And
�♦methane ⇒ palarm is the assumption that in case of
critical methane, the system will eventually be notified with
an alarm message. Property (1.2) is used to check that the
assumption does in fact hold for some products. Indeed, it
holds for products having features base and m, which means
that property (1.1) also holds for these products.

These results show that even with a very low number of
products, our approach achieves in average a 20% improve-
ment over the classical algorithm. An exception are cases in
which the number of counterexamples is relatively high, such
as for property (1.2). However, the gains over the classical
approach increase dramatically with the number of prod-
ucts. With 64 products, the average speedup is 250% (and
64 is still a rather low number). Furthermore, the results
show that our approach, as opposed to the classical one,
scales with the number of products. It has to be noted that
both implementations are rather naive and do not make use
of known optimisation techniques. Their sole purpose is to
benchmark the speedup from using our algorithms.

6. FUTURE WORK
A natural generalisation of FTS is to allow to label each

transition with a Boolean expression over the set of features.
Definition 5, the projection, would have to be adapted so
that a transition is part of the projected TS if the interpre-
tation of the product satisfies its Boolean expression. This
would allow for greater flexibility when modelling. For in-
stance, one could express situations in which a transition be-
longs to several features. Conceptually, such an extension is
rather straightforward. The reachability relation will consist
of couples (s, b) where s is a state and b a boolean expression
characterising the products in which s is reachable. There
are no fundamental changes required in the algorithms, al-
though an efficient implementation would have to use BDDs
or a SAT solver.

This paper makes the assumption that the state-space of
the SPL is given directly in form of a single (or multiple
parallel) FTS. While this assumption does hold for illustra-
tive examples or small cases, it is unreasonable in practice.



Indeed, the intention of this work was to lay the basis for
formal verification in SPLE. Hence, we do not expect the
end-user to model directly in FTS. We are currently work-
ing on ways to translate high-level modelling languages, such
as statecharts or Promela into FTS.

Even if the analyst uses a high-level modelling language,
it is likely that the full specification of an SPL cannot be
created as a single model. We are thus also exploring merg-
ing techniques, which create an FTS of the SPL based on
the TS fragments of some high-level features [10].

7. RELATED WORK
Approaches for SPLE. Before we examine each related

approach in detail, we note that they can be broadly cat-
egorised along two lines. On the one hand, there are ap-
proaches that provide a modelling language with verifica-
tion mechanisms [17, 19], as we do, and others that just
provide the modelling language. Among those there are a
number of formal approaches which do not provide mecha-
nisms for the verification of temporal properties [22, 16, 15,
3, 26] as well UML-based approaches [29, 28, 12, 13] which
are syntactical. This means that their family models can be
used to syntactically derive the model of a specific product,
but that formal verification of these models is not possible.
One the other hand, one can distinguish between approaches
treating variability as a first-class citizen [12, 13] and those
expressing variability as part of the behavioural model [29,
28, 17, 22, 16, 19, 15, 26, 3]. In [4], Bachmann et al. pro-
pose orthogonal variability modelling (OVM), a modelling
paradigm that consists in documenting variability as first-
class citizen in a central model, from which it is traced to
other non-variability models, called base models. We be-
lieve that OVM has a number of important benefits, the
main of which is a clear separation of concerns. Approaches
that represent variability as part of the behavioural model
are problematic for several reasons. Firstly, they bury vari-
ability information inside a behavioural model even though
variability crosscuts all kinds of models, not only behaviour.
Secondly, when variability information is intermingled with
other base models, the variability in these models has to
be kept in sync. As the product line evolves, for instance,
optional functionality might become mandatory, requiring
similar changes in all base models. Thirdly, variable arte-
facts in these approaches do not have an identity other than
what is provided by the modelling language, making it hard
to explicitly capture the notion of a product as a set of fea-
tures or decisions.

Ziadi et al. [29, 28] propose a UML profile for variability
with stereotypes for optionality, alternatives and refinement
(called ‘virtuality’). This profile can be used to model prod-
uct line behaviour with UML sequence diagrams. The ap-
proach does not provide verification mechanisms nor does it
use a first-class variability approach.

Czarnecki, Antkiewicz and Pietroszek [12, 13] propose a
pruning-based approach to UML modelling for SPLE which
follows OVM and separates variability from the base models.
They propose to annotate model fragments with ‘presence
conditions’, i.e. Boolean expressions over features that de-
fine to which products a fragment belongs. The authors
do not deal with semantic issues and only verify syntactical
correctness of possible projections.

Larsen et al. propose modal I/O automata as a way to
model configurable components and provide a formal notion

of compatibility between components [22]. Their notion of
variability is limited to that of variable component interfaces
and the approach does not deal with the problem of specify-
ing variable behaviour in order to verify temporal properties.

Modal transition systems (MTS) were first proposed by
Fischbein et al. [17] to model SPL behaviour. Transitions
in an MTS are mandatory or optional. An MTS thus spec-
ifies a family of ordinary TS obtained by removing optional
transitions. Similarly to our approach, a single MTS model
check allows to verify all possible products at once. How-
ever, MTS lack the notion of feature and priority between
transitions. Intuitively, they execute without a memory of
taken decisions. They are thus less expressive than FTS. For
instance, since each optional transition may or may not be
included in a TS, there is no way of modelling a system in
which two optional transitions occur together or not at all.

Fantechi and Gnesi [16, 15] extended this approach by in-
troducing explicit variability operators into MTS, similar to
the way Ziadi et al. did for UML. In addition to optionality,
they allow to specify cases in which i..j outgoing transitions
may be taken. This proposal does not overcome the in-
herent MTS limitation that individual variation points are
unrelated. Asirelli et al. show how an MTS can be com-
pletely characterised with deontic logic formulae [3], which
means that deontic logic is as expressive as MTS and could
be used as a specification language as well.

Gruler et al. propose PL-CSS, a variant of CSS extended
with a product line variant operator that allows to model
an alternative choice between two processes [19]. The se-
mantics of PL-CSS is given in terms of multi-valued modal
Kripke structures, which is similar to our FTS notation. The
goal of their verification procedure is similar to ours, be able
to verify all systems of the product line in one shot. How-
ever, their model checking procedure is only sketched (and
as far as we know) no implementation is available. Also
properties have to be expressed with multi-valued modal µ-
calculus, whereas we use the more commonly known LTL.
Moreover, we do not introduce a new operator, making it
easier to adapt existing tools for our approach. Also, mod-
elling variability with the alternative choice operator can
result in verbose descriptions since common parts of the al-
ternatives have to be duplicated [8].

Other approaches. In addition to these SPL-specific
approaches, there is a body of related research in the field
of feature interaction detection [6]. The purpose of these
approaches is to detect and manage incompatibilities, called
harmful interactions, between features (mostly in telecom-
munication systems). However, feature interaction research
lacks the system modelling and the product line perspective
we focus on.

In the context of workflow modelling, van der Aalst et al.
propose configurable workflows, that is, workflow templates
that contain variation points [26]. The authors propose
a technique for configuring workflow models incrementally,
continuously verifying that they are deadlock free. How-
ever, their approach does not generalise to checking arbi-
trary user-defined properties, as we do.

8. CONCLUSION
This paper lays the foundation for scaleable modelling

and efficient verification of software product lines. We in-
troduced FTS, featured transition systems, a formalism de-
signed to describe the combined behaviour of a whole system

Pierre Yves Schobbens
Barrer

Pierre Yves Schobbens
Texte inséré
some 

Pierre Yves Schobbens
Texte inséré
dynamically 

Pierre Yves Schobbens
Barrer

Pierre Yves Schobbens
Texte inséré
Note: this is only true if we consider systems with the same TS. But for expressivity, we can change the TS.
We can thus add states to keep the memory of taken decisions. (So this is false).

Pierre Yves Schobbens
Barrer

Pierre Yves Schobbens
Texte inséré
(

Pierre Yves Schobbens
Barrer



family. While allowing to model very detailed behavioural
variations, FTS leverages on treating features as first-class
abstractions and supports separation of concerns. A second
contribution is a tool-supported model checking approach
that allows to verify FTS against LTL properties. Thereby,
we are able to verify all the products of a family at once
and pinpoint the products that violate properties. An em-
pirical evaluation showed substantial gains over individual
product verification. The source code of the Haskell library
we implemented is freely available.
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